The capsular polysaccharide is the major virulence factor of Streptococcus pneumoniae. Previously, we identified and cloned a region from the S. pneumoniae chromosome specific for the production of type 3 capsular polysaccharide. Now, by sequencing the region and characterizing mutations genetically and in an in vitro capsule synthesis assay, we have assigned putative functions to the products of the type-specific genes. Using DNA from the right end of the region in mapping studies, we have obtained further evidence indicating that the capsule genes of each serotype are contained in a gene cassette located adjacent to this region. We have cloned the region flanking the left end of the cassette from the type 3 chromosome and have found that it is repeated in the S. pneumoniae chromosome. The DNA sequence and hybridization data suggest a model for recombination of the capsule gene cassettes that not only describes the replacement of capsule genes, but also suggests an explanation for binary capsule type formation, and the creation of novel capsule types.
S
treptococcus pneumoniae produces a serotype-specific capsular polysaccharide that is required for virulence. The polysaccharide protects the organism from the host's immune system and prevents phagocytosis. More than 80 different serotypes have been identified (1), and the type of capsule expressed may influence virulence (2-4). Griffith's purpose in studying pneumococci was to determine if interconversion of type occurred in patients infected with more than one serotype and determine if this transformation affected the outcome of the infection (5) . Today the importance of transformation for the organism's potential ability to infect its host is still not clear. Transformation could result in an antigenic shift, allowing an organism to colonize a previously immune host. Epidemiologic studies have suggested that a significant amount of genetic exchange does occur in nature, i.e., multiple combinations of antigenicaUy variable determinants such as capsular serotype, PspA serotype, electrophoretic type, and penicillin binding protein type have been observed (6) (7) (8) (9) .
Classic experiments demonstrated that genes specific for the production of a given capsular polysaccharide are closely linked in the chromosome and can be transferred as a unit during genetic transformation (5, 10, 11) . Except in rare cases, transformation to the new type results in loss of the ability to express the original polysaccharide (12) . These data suggested that the capsule genes might be replaced in the recipient's chromosome through a cassette-type recombination mechanism. Biochemical characterization of strains transformed to new types supported this hypothesis. Strains that produced a particular nucleotide sugar as an intermediate in capsule synthesis no longer produced the nucleotide sugar after being transformed to a new type that did not require it (12) . These results, though suggestive, did not conclusively show exchange of the capsule genes since regulatory models could not be ruled out. Recently, we demonstrated that switching of capsular type by genetic transformation in vitro does result in replacement of the type-specific genes (13) . However, the mechanism of recombination resulting in exchange of capsule type has not been fully elucidated, nor is it known how the multiple different capsule types have evolved.
Type 3 capsule synthesis has been characterized biochemically and genetically. At least two functions are necessary for its production: the synthesis of the precursors UDP-glucose (UDP-Glc) 1 and UDP-glucuronic acid (UDP-GlcA), and their polymerization into the polysaccharide. Some 25 distinct mutations resulting in a reduction or loss of capsule synthesis were mapped to a single locus thought to encode UDP-Glc dehydrogenase (UDP-Glc DH), the enzyme necessary for conversion of UDP-Glc to UDP-GlcA (14) . Characterization of the nucleotide-sugar pools of several mutants revealed a loss of UDP-GlcA. In an in vitro polymerization reaction, a partially purified extract from a type 3 strain was used to produce type 3 polysaccharide (15) . UDP-Glc and UDP-GlcA were the only molecules that served as substrates, 1 Abbreviations used in this paper: Glc-l-P UT, glucose-l-phosphate uridylyltransferase; GlcNAc, N-acetyl glucosamine; HA, hyaluronic acid; IPTG, isopropyl-~-D-thiogalactoside; RBS, ribosome binding site; UDP-G|c DH, UDP-GIc dehydrogenase; UDP-Glc, UDP-glucose; UDP-GlcA, UDPglucuronic acid.
and Glc and GIcA were incorporated in equal amounts. The enzyme copurified with the particulate (membrane and cell wall) fraction of cell extracts (16) , and Mg z+ was required for activity (17) .
We previously localized the chromosomal region necessary for type 3 synthesis through mutation and cloning analyses (13) . We have now sequenced this region and have further characterized the genes and their products. Our results provide molecular, genetic, and biochemical evidence for the roles of the gene products involved in type 3 capsule biosynthesis. They also suggest mechanisms for the transfer of capsule type-specific cassettes and the emergence of new capsule types.
Materials and Methods
Bacterial Strains. The parent S. pneumoniae type 3 strain WU2 and the type 1, 5, 6B, 8, 9, and 22 S. pneumoniae strains have been described (4, 13, 18) . Other strains are described in the table and figures. Culture conditions for S. pneumoniae and Escherichia coli have been described (13, 19) .
DNA Analysis. Denatured plasmid DNA was sequenced by the Sanger dideoxy method using the Sequenase 2.0 kit (US Biochemicals, Cleveland, OH). Oligonucleotide primers (Oligos, etc., Wilsonville, OK) 5'-GCCACTATCGACTACGCG-Y and 5'-TCA-TTTGATATGCCTCCG-Y, corresponding to bp 308 to 325 and 445 to 428 of the cloning vectors pJY4163 and pJY4164 (20) , respectively, were used routinely. Primers internal to the cps locus were used as necessary. PCK products were sequenced at least twice, from separate amplification reactions, using a PCR productsequencing kit (US Biochem. Corp., Cleveland, OH). Greater than 97% of the sequence was obtained for each strand. Sequences were analyzed using the GCG software programs (21) .
The digoxigenin labeling and chemiluminescent detection system (Boehringer Mannheim, Indianapolis, IN) was used in Southern blotting. All other DNA manipulations were performed as previously reported (13) .
In Vitro Polysaccharide Synthesis. Type 3 polysaccharide was synthesized and quantitated in vitro using a modification of Smith et al. (16) . Crude extracts containing membranes and cytoplasm were prepared from 200 ml of S. pneumoniae cultures harvested at an OD~ of 0.25 as described (22) , except that cell material was concentrated 200-fold, and all steps were performed using a thioglycolate buffer (10 mM sodium thioglycolate, 5 mM MggO4, 100 mM Tris-HC1, pH 8.3) to stabilize the enzymes (23) . Digestion of cell wall material by mutanolysin was performed in this buffer and 20% sucrose. Protoplasts were sonicated three times for 15 s at 0~ Polysaccharide synthesis was carried out at 34~ for 2 h in a 1-ml reaction containing 100 #1 of extract, 5 mM UDPGlc, 5 mM UDP-GlcA (where indicated), and I mM NAD in the thioglycolate buffer. The reaction was boiled 1 min then quickly cooled to 25~ in H20. Following centrifugation for 30 s at 8160 g, the type 3-specific mAb 16.3 (24) was added in excess to the supernatant and incubation was continued at 37~ for 30 min. Specific Ag-Ab complexes were measured at 650 nm. Capsule was quantitated by comparison with a standard curve prepared using purified type 3 polysaccharide (American Type Culture Collection, Rockville, MD) (17). Reactions, done in triplicate, were standardized to protein content of the crude extract, as determined in duplicate using a protein assay kit (Bio Rad Labs., Hercules, CA).
Expression of Cps3S. A 2.1-kb Sau3AI-PstI fragment containing the Y end of cps3D and the complete cps3S was cloned into the expression vector pKK223-3 (25) to yield pJD424. E. coli TG-1 (26) or TG-1 transformants were grown to exponential phase, and isopropyl-B-D-thiogalactoside (ItffG) was added to a concentration of 1 mM to induce expression from the tac promoter of pKK223-3.
Chromosome Crawling and PCR. To isolate the 5' end of cps3D and upstream DNA, S. pneumoniae WU2 chromosomal DNA was first digested with Ed136 II (an isoschizomer of SacI that results in blunt ends) and separated on a 0.6% agarose gel. Purified fragments from 6 to 7 kb were ligated to a 35-bp XbaI UniAmp adaptor (Clontech, Palo Alto, CA). The desired fragment was amplified by using a primer for the adaptor and a primer corresponding to the predicted active site sequence (bp 1802 to 1781) of cps3D A 1.8-kb PCK product extending from the active site to the SacI site upstream of cps3D (see Fig. 1 ) was obtained. PCK amplifications were performed using AmpliTaq DNA polymerase (Perkin-Elmer Corp., Norwalk, CT). In a similar manner, the 0.9-kb fragment from the cps3D active site to the EcoRV site upstream of cps3D was amplified from a 3.5-kb EcoKV fragment from the WU2 chromosome.
Nomenclature. The capsule locus ofS. pneumoniae has been designated cps (13) . To distinguish between loci of different capsular serotypes, the locus name will be followed by the number of the serotype, e.g., type 3 is indicated as cps3. The genes of the type 3 locus are named based on expected function (13).
Results
We previously described a region of the S. pneumoniae chromosome that contains genes involved in the production of type 3 capsular polysaccharide, and that is specific to type 3 strains. An "~l-kb fragment of DNA flanking this region and common to apparently all capsular serotypes was also identified (13) . A genetic and physical map of the region is presented in Fig. 1 A. The DNA and deduced amino acid sequences of the region containing the genes cps3D, cps3S, cps3U, and upstream flanking DNA were determined in the present study, and are presented in Fig. 1 
/~
Cps3D Is Homologous to UDP-glucose Dehydrogenase. Our previous genetic data indicated that we had cloned the 3' end of cps3D, the gene encoding UDP-Glc DH (13) . The DNA sequence and derived amino acid sequence support this assignment. The amino acid sequence is highly homologous (56% identity, 73% similarity) to that of the UDP-Glc DH (HasB) from Streptococcus ~ogenes (Fig. 2 ) (27) , and to open reading frames from the E. coli and Salmonella enteritica rfo clusters (28) . Although not shown biochemically or genetically to be UDP-GIc DH, these latter sequences share a high degree of homology with HasB and Cps3D. The NH2-terminal amino acid residues 2-29 of CpsD have all the characteristics of an NAD-binding site (29) , and this sequence is very homologous to regions from HasB, AIgD (the GDP-mannose dehydrogenase of Pseudomonas aeruginosa [30] ), and the potential UDP-Glc DH from E. coli and S. enteritica. 
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synthesis of nodulation factor, a substituted oligosaccharide consisting of 8(1-4) linked GlcNAc residues (37) . It has been noted that HasA and NodC are homologous to polysaccharide synthases, including FBF15 of Stigmatella aurantiaca, pDG42 of Xenopus laeveis, and chitin synthases from both Saccharomyces cerevisiae and Candida albicans (34, 35, 38, 39) .
Cps3S is also homologous to these proteins. The results suggest that Cps3S is the type 3 capsular polysaccharide synthase.
Four hydrophobic stretches identified in Cps3S are found in all four bacterial synthases. As indicated for NodC, these regions may span the cell membrane (40, 41) . Earlier studies indicated that the type 3 synthesizing activity also has a membrane location (16) . The last hydrophobic stretch in Cps3S may be required for function since the insertion in JD897 which eliminated this region (the last 45 amino acids of the protein) resulted in loss of capsule production (Fig 1 B) . High level expression of Cps3S in E. coli was, like that of NodC, lethal to the host (data not shown).
Cps3U Is Homologous to Glucose-l-phosphate Uridylyltransferases.
The amino acid sequence of Cps3U has a high degree of homology with glucose-l-phosphate uridylyhransferases (Glc-I-P UT) from several other bacterial species, including GtaB from Bacillus subtilis (55% identity, 73% similarity) (Fig. 4 A) . The active sites of bacterial GIc-I-P UT have not been characterized, however the active site in the enzyme from potato tuber has 5 lysine residues (42) . One of these residues is important for function, and a second is absolutely required (43) . Cps3U contains 24 lysines, six of which are conserved among the six bacterial Glc-l-P UT in the database (Fig. 4 A) tuber enzyme sequence. It is homologous to the region containing the required lysine (Fig. 4 B) .
Mutations Affecting Type 3 Capsular Polysaccharide Production.
Two mutations resulting in the capsule-negative phenotype were previously mapped to cps3D (13) . To determine the nature of these mutations, the regions were amplified from the chromosomes of the mutant strains and sequenced. Each mutant 019611 and JD619) contained a single base pair transversion resulting in a premature stop codon (Fig. 1 B) .
We also identified three mutations upstream of the JD611 and JD619 mutations, near a site where a mutation apparently affecting type 3 capsule polymerization had previously been mapped (13, 14) . These mutants produced capsular material that was detectable in cell lysates, but the cells could not be agglutinated with type 3-specific antisera, and they produced non-mucoid colonies. We tentatively identified the locus containing these mutations as cpsB, and, based on the phenotypes and map positions, suggested that cpsB might encode a polysaccharide polymerase (i.e., be cpsP) (13) . To better localize the mutations, we amplified fragments from the parent type 3 chromosome that contained either the 5' end of the cps3D coding sequence (bp 1027-1802), the promoter and the 5' end of cps3D (bp 885-1802), or the 5' end of cps3D plus '~1 kb of upstream DNA (bp 1-1802). Each of the fragments was used to transform the capsule-deficient mutants JD614 and JD692. JD692 was transformed to encapsulation using the 5' end coding sequence, whereas JD614 was not. JD614 was restored by the fragment containing the 5' end plus 141 bp of upstream DNA, including the promoter. Both mutants were restored by the 1.8-kb fragment containing the 5' end of cps3D and upstream DNA, and neither was restored with a fragment containing the 3' end of cps3D (bp 1759-2385, data not shown). Thus, these upstream mutations are not located in a separate gene but are in either the cps3D structural gene or its promoter. Since some capsule material is produced by these mutants, a mutation within the coding region (as in JD692) must be a missense mutation or an in-frame deletion or insertion that reduces the activity of the enzyme. The mutation in JD614 may be in the promoter, and thus, a promoter down mutation, or it may be in the structural gene but too close to the beginning of the gene for recombination and repair to occur with the fragment used.
Two other mutations in cps3D resulting in reduced amounts of type 3 capsule were restored to normal encapsulation with the 250-bp PvulI-SspI fragment from the parent strain (13) . Amplification and sequencing of this same fragment from the mutant strains A66R2 and Rxl showed that each contained a missense mutation in the cps3D coding sequence (Fig. 1 B) .
Use of fragments subcloned from the cps3DSU region to direct insertion-duplication mutations in the parent type 3 chromosome (13) resulted in several mutants that produced no detectable capsule and exhibited the extremely rough phenotype described by Taylor (44) . DNA sequencing revealed that the mutations are in cps3S (Fig. 1) . The lack of capsule in these mutants must be due to loss ofcps3S expression, rather 977 Dillard et al.
than to a polar effect on downstream genes, since insertions within cps3U or cps3M had no apparent effect on capsule production, as judged by growth on blood agar medium.
cps3S and cps3D Are Transcribed as an Operon. Sequence analysis revealed no potential promoter sequences in the region upstream ofcps3S (Fig. 1 B) . The phenotypes of several insertion-duplication mutants also suggest that no promoter is located in the 3' end ofcps3D and that cps3S is transcribed from the cps3D promoter. The sites of these insertions are shown in Fig. 1 and their structures are illustrated in Fig.  5 . Insertion of the plasmids results in a duplication of the cloned fragment. Therefore, mutant strains such as JD908, in which the duplicated fragment contains both the 5' end of cps3S and the 3' end of cps3D, have a full-length copy of cps3S downstream of the plasmid insertion. In addition, the full-length copy is contiguous to the 3' end ofcps3D Therefore, if cps3S had its own promoter, or if one were located in the 3' end of cps3D, these insertions should not result in loss of cps3S expression. However, four such insertions have been made in the WU2 chromosome 019846, JD897, JD898, and JDg08), and even with a duplication of 450 bp of the 3' end of cps3D, a loss of capsule production was observed.
Two internal insertions in cps3D also eliminated capsule production (Fig. 5 A) . However, since cps3D and cps3S are transcribed as an operon, this result does not prove that cps3D is required for capsule synthesis. That fact is demonstrated by the lack of capsule production seen in strains containing non-polar point mutations in cps3D (see below).
In Vitro Polymerization Assay. It is not possible to perform the standard UDP-GIc DH assay on extracts of S. pneumoniae due to the presence ofa NADH oxidase, that copurifies with the enzyme (23, 45) . Therefore, the ability of the mutants to synthesize type 3 capsule was examined in an in vitro polymerization assay. MutantsJD611 andJD619, which contain stop mutations in cps3D, produce no detectable capsular material (13) . However, both synthesized high molecular weight type 3 polysaccharide in vitro when provided with UDP-Glc and UDP-GlcA (Table 1) . No capsule was produced when UDP-GIcA was omitted from the reaction. These results support the conclusion that Cps3D is the UDP-Glc DH, and confirm that stop mutations in cps3D are not polar on cps3S.
Mutants containing insertions in cps3S 0D902), or between the full-length copies ofcps3D and cps3S (JD908, JD897) were unable to synthesize significant amounts of capsule even with II NA, not applicable. I For strains that produce capsule in vivo, the amount of polysaccharide present at the start of the assay (to) is given, and the amount of polysaccharide produced during the assay is indicated in parentheses. "* D39 is a type 2 strain and thus produces no type 3 capsule.
both precursors present. These results emphasize the role of Cps3S in capsule synthesis and support the conclusion that cps3D and cps3S are transcribed as an operon.
The capsule-deficient mutants JD614 and JD692 synthesized only small amounts of additional polysaccharide in the in vitro assay. This result is somewhat surprising since J'D692, which contains a missense mutation in the cps3D coding region, should still make a functional Cps3S (i.e., the cps3D mutation must not be polar since intact cells synthesize some polysaccharide). The result may suggest that the defective UDP-Glc DH interferes with the ability to synthesize normal polysaccharide. Alternatively, the stability of the cps3DS transcript may be altered by the mutation, resulting in a reduced amount of Cps3S.
Biochemical Pathway. Based on genetic analysis, amino acid homologies, biochemical and immunochemical characterization of mutants, and previous biochemical analyses (12, 13, (15) (16) (17) , we propose a pathway for the biosynthesis of type 3 capsular polysaccharide (Fig. 6) . The last of the type 3-specific genes, cps3M, is homologous to phosphoglucomutases from several bacterial species and is described in a forthcoming publication (Caimano, M., J. P. Dillard, and J. Yother, manuscript in preparation).
GIc-6-P phosphoglucomutase Cps3M
Glc-l-P UTP ~ glucose-l-phosphate uridylyltransferase Cps3U
UDP-GIc + PPi NAD+~ ' UDPG dehydrogenase Cps3D
NADH "-UDP-GlcA UDP-glc ~l type 3 capsular polysaccharide synthase Cps3S
(-GlcA--Glc-) n Mapping Other Capsule Types. We previously showed that a 1.2-kb SacI-HindlII fragment flanking the type 3 capsule locus contains sequences common to apparently all capsule types (13) . Sequence analysis showed that the fragment contained the 3' end of cps3M and the 5' half of a gene with 50% identity to the S. pneumoniae amiA. The amiA-like sequence has recently also been identified by Pearce et al. and named expl (46) , and subsequently renamed plpA (47) . Further Southern hybridizations showed that the non-type-specific homologous DNA in the 1.2-kb SacI-HindlII fragment is plpA (data not shown).
The homologous fragment is closely linked not only to the type 3-specific capsule genes, but also to the type-specific genes of types 2, 5, and 6B (reference 13 and our unpublished data). Mapping studies using this fragment showed that, as in type 3, it is directly adjacent to the type-specific genes of other serotypes. The chromosome maps of the capsule regions in strains of types 2, 3, and 6B are highly conserved for at least 4 kb to the right of plpA (Fig. 7) . The type 3 strain differs slightly in this region due to a deletion of the 5' end of plpA. The sites located to the left of plpA are divergent among the capsule types, further suggesting that this region contains the type-specific genes in all three capsule types.
The Region Upstream of the Type 3-specific Genes Is Common to All Capsule Types and Is Repeated in the Pneumococcal Chromosome.
To isolate DNA 5' of the biosynthetic genes, a 1.8-kb fragment extending from the upstream SacI site to the cps3D active site was amplified from the type 3 WU2 chromosome. When this fragment was used to probe HindlIIdigested chromosomal DNA from seven S. pneumoniae serotypes, multiple bands were detected in all strains (Fig. 8) . When chromosomal DNAs of types 2, 3, and 6B were digested with PstI, PvulI, or SacI/HindlII, and probed with the cloned 610-bp SacI-HindlII fragment upstream of cps3D (Fig. 1) , 4-10 bands were detected in each (data not shown).
Transformation experiments were performed to examine 979 DiUard et al. linkage of the upstream region to the type-specific genes. A plasmid (pJD392) containing the 610 bp SacI-HindIII fragment was introduced into the chromosome of the type 3 strain. The insert, located in the 2.2-kb HindIII fragment adjacent to the type 3-specific genes, did not affect capsule production. When the resulting strain was used to transform recipients of types 2 and 6B, greater than 95% of the erythromycin-resistant isolates expressed type 3 capsule. However, when pJD392 was transformed into strains of types 2 and 6B, the plasmid inserted into an 8-kb HindlII fragment, and the type-specific genes could not be moved to strains of heterologous types (i.e., 2, 3, or 6B) by transformation and selection for linkage to the erythromycin marker in the insertions.
Discussion
Based on genetic, molecular, and biochemical data we have assigned putative functions to the type 3-specific genes. Two of the genes, cps3D and cps3S, are required for capsule synthesis. Our previous genetic data, along with the sequence and biochemical analyses reported here, provide substantial evidence that cps3D encodes UDP-Glc DH. Cps3D is highly homologous to HasB, and contains sequences homologous to the active and the NAD-binding sites in HasB and other known UDP-Glc DH. Extracts from Cps3D mutants could synthesize type 3 capsule in vitro if supplied with UDP-GlcA, i.e., they lacked the ability to convert UDpoGlc to UDP-GlcA and thus lack UDP-Glc DH activity.
Cps3S is new member of a family of polysaccharide synthases. All of these synthases, for which the structures of the polysaccharides are known, produce 3(1-4) linked polysaccharides. Thus, Cps3S may form the 3 (1-4) linkage in the type 3 disaccharide cellobiuronic acid (GlcA 311-4] Glc), and a second enzyme may create the ~(1-3) linkages required to polymerize the disaccharides into full length polysaccharide. However, HasA creates both linkages in the production of HA capsule (34) , and is sufficient for HA synthesis in heterologous bacteria, given the nucleotide sugars (48) . Therefore, Cps3S, like HasA, may synthesize the polysaccharide by monomer addition.
Neither cps3U nor ClOs3M appears to be required for type 3 synthesis. Cps3M and Cps3U should function to convert Glc-6-P into Glc-I-P, and Glc-l-P into UDP-Glc, respectively (Fig. 6 ). Since UDP-Glc is necessary for the production of essential cell constituents, including teichoic acid and lipoteichoic acid (12) , the products of other genes may complement functions lost in the mutants. However, retention of these genes in the type-specific region may indicate that part of their function cannot be duplicated by the second enzymes. Possibly, this function is the ability to be regulated under specific conditions, such as those that might be encountered during infection. The large noncoding region upstream of cps3U might be a site of regulation. An alternative explanation is that these genes were obtained along with the typespecific genes in a horizontal transfer from another organism and have not been lost. This theory is consistent with hybridization data indicating that none of the type 3-specific genes could be detected in strains of six other pneumococcal types, including types with related capsule structures (13) . However, if these genes serve no necessary function, it is surprising that they have been maintained in the type 3 cassettes exchanged as cassettes, there has always been one glaring exception-binary encapsulation. At low frequency, strains of certain types transformed with DNA from strains of certain other types were found to produce both polysaccharides (12) . Stable binary strains contained the second set of type-specific genes at a site unlinked to the recipient's type-specific genes. Once integrated, these genes could not be moved to the normal location in a strain of heterologous type. These observations led Bernheimer et al. to suggest that recombination involved strong homology at only one end (49, 50) . Unstable binary strains frequently lost the donor type-specific genes, which were usually linked to the recipient type-specific genes (49, 51) . Identical results were obtained using pJD392 (containing bp 1 to 610) as the probe.
of multiple strains; i.e., the restriction maps of the type 3 regions of five non-clonal strains are identical, and all have cps3U and cps3M (our unpublished data).
There are three requirements for a DNA region to be considered a gene cassette: (a) more than one copy of a gene or set of genes must exist, each specifying the production of a different, but related, product; (b) each copy must be flanked by DNA that is common to all the copies; and (c) cassettes must recombine to cause replacement of one copy by another. There is strong evidence to indicate that the typespecific genes are arranged as a cassette. First, the presence of more than 80 different serotypes implies that as many different sets of genes exist. Second, the type 2, 3, 5, and 6B type-specific genes are flanked to the right by a fragment common to apparently all types, and containing plfd. Although the left flanking region from type 3 is common to all capsule types we have examined, it may not flank the typespecific genes in other types. If not, then presumably other common DNA is located further upstream of these genes. The third requirement for a cassette is fulfilled by previous biochemical evidence (12) and our recent molecular evidence (13) demonstrating replacement of type-specific enzymes and genes, respectively, following transformation of capsule type.
Since the proposal was put forth that capsule genes are Based on our data and the extensive work of Bernheimer concerning binary encapsulation (14, (49) (50) (51) , we can propose models for capsule type change and binary capsule formation. Cassette-type recombination would result from crossover events in the homologous flanking regions, leading to replacement of the type-specific genes (Fig. 9 A) . Binary encapsulation may be mediated through the repeated element identified upstream of the type 3 capsule genes. Linkage analysis showed that at least one copy of the repeat is unlinked to the type 2 and 6B type-specific genes. In type 3, one copy is linked but, based on transformation experiments, another is not (our unpublished observation). The mechanism proposed by Bernheimer et al. for stable binary strains could involve homologous recombination at a repeat element unlinked to the capsule locus; the recombination at the other end of the capsule genes would occur by an apparent illegitimate recombination event (Fig. 9 B) . An alternative possibility involves a transposition-like event that could result if certain type-specific genes are flanked on both sides by the repeat element (Fig. 9 C) . Unstable binary strains could result from either type of integration occurring at repeated elements in, or closely linked to, the recipient's type-specific genes. Instability could result from recombination through genes common to both capsule types, as suggested by Bernheimer et al., for the UDP-Glc DH of types 1 and 3. Our present results provide the basis for examining these possibilities. Binary strains containing the two sets of genes linked are of particular interest since they might recombine to form a novel capsule type. Examination of strains producing related capsule structures may help elucidate the possible mechanisms involved in novel capsule type formation.
